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EXECUTIVE SUMMARY

This report describes dynamometer tests which simulated conditions found in
a general aviation aircraft's fuel system. In these tests, automobile gasoline was
tested and compared with aviation gasoline. The tendency for vapor lock and
detonation was measured as a function of gasoline grade, Reid Vapor Pressure, and

the age of the fuel. The most significant observations from these tests are as
follows:

1. The fuel temperature at which vapor lock testing is conducted is critical.
The most severe case of vapor lock with autogas occurs when the tank temperature
lies between 100 and 110 degrees Fahrenheit (38 to 43° C). It is interesting to

note that this temperature range is above the initial boiling point of the fuels
tested.

2. For this fuel system, the onset of vapor lock depended on the fuel flow
rate. The occurrence of percolation in the system implies that the fuel system
design can also have an effect. This needs to be investigated further.

3. The engine cooling air temperature did not have a significant effect on the
tendency to vapor lock, but flight tests for certification should be conducted on
as hot a day as possible to minimize cooling the fuel in the tanks.

4. Whenever the fuel temperature in the system exceeds the initial boiling
point of the fuel, there is vapor in the system. This vapor affects both the fuel
flow meter and the fuel pressure. For a gravity feed fuel system such as is found

on the Cl72, either fuel flow or fuel pressure would be a useful indicator of the
onset of vapor lock.

5. The engine used during these tests was a Lycoming 0-320, designed to operate
on 91/96 octane avgas. All the autogas samples tested with this engine detonated
to some extent. The Motor Octane Number for a particular sample is more useful in
predicting detonation than the Research Octane Number.

6. Carburetor foaming occurs when operating at low power settings with relatively

cool autogas. For this engine, it did not cause an operational problem, but it
deserves further investigation.

7. For this fuel system, there was a slight material compatibility problem

with autogas. The o-rings in the fuel selector valve would swell when the engine
was shut down on autogas.

8. The horsepower does not vary significantly between avgas and autogas unless
detonation is occurring.

9. Detonation could not be induced in this engine when operating with 100LL
avgas. Likewise, vapor lock could not be induced when testing with 100LL avgas in
this fuel system.
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INTRODUCTION

The Experimental Aircraft Association (EAA) and other organizations have actively
pursued obtaining Supplemental Type Certificates (STC's) which allow the use of
automobile gasoline (autogas) in low compression aircraft engines. Typically, the
aircraft which qualify for these STC's are older aircraft whose engines were
originally certified for 80 octane aviation gasoline. The driving force behind
these STC's is the reduced availability of 80 octane aviation gasoline and the
large price difference between aviation gasoline (avgas) and autogas.

As the price differential between avgas and autogas grows, there is increasing
pressure to substitute autogas for other grades of avgas. This raises a number of
questions which need to be answered. The broader distribution of constituents in
autogas, when compared with avgas, tends to increase the Reid Vapor Pressure (RVP)
of the fuel which in turn adversely affects the amount of vapor formed in the
aircraft fuel system. The lower initial boiling point associated with autogas
means that vapor will be formed at lower temperatures than with avgas and the use
of 110 degrees Fahrenheit (°F) during certification of aircraft may not apply when
certifying an aircraft to Federal Aviation Regulation 23.961 with autogas. The
octane rating techniques differ between avgas and autogas and the ratings typically
associated with autogas may not apply to aircraft engines. As the fuel ages
(sours), autogas will lose a greater percentage of its constituents than avgas and
there 1is the possibility that this loss will adversely affect the octane rating.

The Central and New England Regions of the Federal Aviation Administration (FAA),
who are responsible for the certification of general aviation aircraft and their
engines, requested a program be initiated at the FAA Technical Center which would
address these concerns. This report discusses the program and its results.

BACKGROUND.

The typical performance profile for an aircraft engine is substantially different
than the typical performance profile of an automobile engine. At cruise speeds
an automobile engine will operate between 10 and 30 percent of its rated horse-
power. An aircraft engine will operate between 50 and 75 percent of its rated
power during normal cruise conditions. During takeoff and climb an aircraft engine
will be operating at its maximum rated power (less the performance loss due to the
prevailing pressure altitude) for extended periods of time. Even during accelera-
tion, it is unusual for an automobile engine to operate at its rated horsepower.
The operating temperatures of an aircraft engine are higher than those of an
automobile engine and the higher the operating temperature the greater the tendency
for detonation to occur. Also, the greater the power, the greater the tendency for
detonation to occur. This explains in part why there are different procedures for
determining the octane rating of autogas when compared to avgas.

There are three different octane rating techniques of interest to this program: the
Research Method, American Society of Testing and Materials (ASTM) standard D-2699;
the Motor Method, ASTM standard D-2700, and the Aviation Supercharge method,
ASTM D-909. The principle difference between the methods involves changes in the
operating speed and temperature to reflect the operating environment to which the
fuel will be exposed. The Research Octane Number (RON) is generally applicable to
engines which are subject to relatively light duty cycles, where as the Motor
Octane Number (MON) (which is related to Aviation Lean Octane Number) is applicable
to engines which are subject to heavy or severe duty cycles. The Aviation Super-
charge Octane Number is meant for heavy duty applications where the fuel-to-air
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ratio 1is kept rich to help suppress detonation. Table 1 outlines some of the key
differences between the techniques. For more detail refer to the appropriate ASTM
standards.

TABLE 1. SOME DIFFERENCES BETWEEN THE VARIOUS ASTM OCTANE RATING STANDARDS

Aviation

Supercharge Research Motor
Test Variable Method Method Method
Engine speed (RPM) 1800 600 900
Timing (deg BTDC) 45 13 variable
0il Temperature (degF) 165 135 135
Coolant Temperature (degF) 375 212 212
Air Temperature (degF) 125 83 (initial) 100
Manifold or Mixture Temperature 225 N/A 300

(degF)

Fuel System Injected —— Carburetor --
Key Variable Manifold -- Compression Ratio --

Pressure

Gasolines are intended to be volatile and the Reid Vapor Pressure (RVP) is a
general measure of the volatility of a fuel. Essentially, the RVP is the vapor
pressure of the fuel at 100° F and it can be interpreted as an indicator of the
amount of vapor a fuel will generate when it is heated in the fuel system. An
aircraft not only has higher operating temperatures, it also operates at reduced
atmospheric pressures when at altitude. Both of these factors aggravate the
formation of vapor. This explains why the maximum RVP allowed for aviation fuels
is lower than for autogas. The maximum RVP for avgas is 7.0 psi. The maximum RVP
for autogas varies with the season. Class E fuels (winter grades) are allowed
to reach 15 psi, whereas class A fuels, which are sold in the Southwest during the
summer, may have a maximum RVP of 9.0 psi. Summer fuels in New Jersey are class C
fuels (11.5 psi maximum).

The longer the fuel remains in vented tanks, the more likely the fuel will lose the
more volatile components. The loss of the more volatile components may alter the
octane rating of the fuel. 1In addition, the more heavy ends (higher molecular
weight and, conversely, higher boiling point) the greater the tendency to form
gum deposits as the fuel sits in the tank. A typical aircraft will be operated
about once a week, whereas a typical car is operated at least once a day. As a
consequence, fuel tends to sit in general aviation aircraft for longer periods of
time than in an automobile. The distillation procedure described in ASTM D-86 is a
rough measure of the distribution of components found in the fuel. During a
distillation, the operator measures the temperature reached as a given percentage



of tne fuel 1is collected from the condenser. (Typical distillation curves for
avgas and autogas are found in figure 1.) For this reason, avgas has a narrower

distribution of constituents than autogas and this is reflected in the distillation
curve.

With the drive towards using automobile gasoline in general aviation aircraft,
certification procedures need to be evaluated to insure the necessary margin of
safety. This program studied the effect of changes in RVP and octane rating on the
tendency to vapor lock and detonate in a Lycoming 0-320 engine mounted on the
Technical Center's dynamometer.

TEST APPARATUS

The vapor lock and detonation tests were conducted using the Technical Center's
dynamometer. A Lycoming 0-320 is mounted on the dynamometer and fuel is supplied
to the 0-320 through a Cessna 172 fuel system. Figure 2 shows the general location
of the principle components.

The Cessna fuel system is mounted in the same location relative to the engine as is
found on the C-172 installation. The tanks were modified to incorporate heat
exchangers for regulating the temperature of the test fuel. The heat exchangers
consist of approximately 20 feet of 3/8-inch copper tubing laid out in a regular
pattern across the bottom and inside of each tank. Separate controllers regulate
the supply of water to each heat exchanger in order to either heat or cool the fuel
as is required for the particular run. The fuel lines to the engine are wrapped
with electrical heating tape and the temperature of individual segments are regula-
ted with automatic controllers. With this system, vapor lock studies were conduc-
ted with hot fuel in one tank while cool fuel is available in the other tamnk, so
that a recovery can be made without restarting the engine should vapor lock occur.

The Lycoming engine is similar to the 0-320 found in a Cessna 172 but it is not an
airworthy engine and it does not match an existing model designation. The engine
has an 8.5:1 compression ratio; it is carbureted and it was designed to operate on
91/96 avgas (which is no longer available). The engine cooling air is regulated to
provide the desired temperature and pressure and it is supplied through a test cell
cooling hood. The o0il temperature 1is automatically maintained at the desired
temperature and the temperature and humidity of the carburetor inlet air is regula-
ted using two window air-conditioners and a heat exchanger which is mounted on the
exhaust stack. The engine speed and the torque developed are measured and recorded
automatically. The fuel consumption of the engine is measured using a Fuelgard”™
system similar to those used in airworthy aircraft.

The engine 1is equipped with a Lycoming Detonation Analyzer which consists of
vibration pickups mounted on each cylinder and electronics, which allows one to
look at the compression stroke for the cylinder selected. As the operating condi-
tions approach those conducive to detonation, the amplitude of the signal
increases. When detonation occurs, the region of high amplitude vibration 1is
fairly wide and the oscilloscope screen appears to '"flash.'" The number of flashes
coincides with the number of times that cylinder detonates. Typically, detonation
is reported as the number of flashes per minute.
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FIGURE 2. GENERAL LOCATION OF THE PRINCIPAL DYNAMOMETER COMPONENTS

The dynamometer allows regulation of either the engine speed or the load on the
engine. The specific load or speed conditions can be manually entered or varied
using a computer and the appropriate interface cards. The dynamometer can handle
engine speeds up to 5000 RPM and engines of up to 500 horsepower. The throttle
position and the mixture position are integrated into the dynamometer controls and
are recorded automatically.

Table 2 lists the data which is recorded on an automatic data acquisition system.
During a typical run the data are recorded every fifteen seconds, though the data
acquisition system can handle a scan rate of less than a second to several hours.
The operator has the ability to trigger an event marker which is recorded along
with the other parameters. The detonation data 1is recorded separately, since
it requires some judgement on the part of the operator.

The RVP and distillation tests are conducted at the Technical Center using the
procedures and equipment specified in the appropriate ASTM specifications. The
octane measurements and selected RVP tests were conducted at Sun Refining and
Marketing, Marcus Hook, Pennsylvania, under contract to the Technical Center.



TABLE 2. DATA WHICH ARE RECORDED ON THE AUTOMATIC DATA ACQUISITION SYSTEM

Description Units
Engine torque ft-1bs
Engine speed RPM
Manifold pressure inHg (absolute)
Engine cooling air inH»0
Fuel pressure inH90
0il pressure psig
Event marker, operator triggered VvDC
Fuel flow gph
Throttle position percent
Mixture position percent
Tank in use indicator VDC
Carburetor supply air dew point deg C
#1 cylinder head temperature deg C
#2 cylinder head temperature deg C
#3 cylinder head temperature deg C
#4 cylinder head temperature deg C
Fuel temperature, top of avgas tank deg C
Fuel temperature, bottom of avgas tank deg C
Fuel temperature, top of autogas tank deg C
Fuel temperature, bottom of autogas tank deg C
Fuel temperature, avgas line deg C
Fuel temperature, autogas line deg C
Fuel temperature, sediment bowl deg C
Fuel temperature, carburetor bowl deg C
0il temperature deg C
Air temperature, carburetor inlet deg C
Air temperature, upstream of carburetor deg C
Cooling air temperature deg C
Air temperature in carburetor area deg C
Carburetor supply air temperature deg C
#1 exhaust gas temperature deg C
#2 exhaust gas temperature deg C
#3 exhaust gas temperature deg C
# exhaust gas temperature deg C
Ambient air temperature deg C



TEST PROCEDURES

The test procedures for the various types of test are listed below. Appendices A,
B, and C contain the checklists used prior to each run.

BASELINE TESTS: The baseline performance tests were conducted as follows.

a. Fuel the tanks with avgas, draw a sample and measure the RVP and distilla-
tion curve.

b. Start the engine and allow the oil to rise to operating temperature.
Conduct a magneto check, then set the engine cooling air temperature and pressure

so that the cylinder head temperatures are in the normal operating range (175° to
200° C or 350° to 400° F).

c. Set the dynamometer to the speed control mode and select an engine speed
of 2000 RPM and a manifold pressure of 20 inHg. If necessary, set the mixture to
full rich.

d. Allow conditions to stabilize, then take a reading manually.

e. Increase (or decrease as appropriate) the manifold pressure in steps of
2 inHg to cover the full range of manifold pressures. Repeat step d for each
manifold pressure selected.

f. Increase the engine speed in steps of 100 RPM to cover the range of engine
speeds through 2700 RPM. Repeat steps d and e for each engine speed.

g. Gradually reduce the power and allow the engine to cool. Perform a
magneto check and shut the engine down using the mixture control.

VAPOR LOCK TESTS: The vapor lock tests were conducted in the following manner.

1. Fuel the tanks with the proper test fuel; draw a sample and test the RVP
and distillation. Select the desired initial tank temperature and turn the tank
heaters on. Allow the fuel in the tank to rise to operating temperature. Draw a
sample and measure the RVP.

2. Start the engine and allow the o0il to rise to operating temperature.
Perform a magneto check. Make sure the engine cooling air temperature and pressure
are set to the desired point.

3. Set the engine speed and manifold pressure to obtain a fuel flow rate of
2.5 gph. Allow conditions to stabilize; observe for signs of vapor lock.

4, If vapor lock does not occur, turn the appropriate line heaters on to a
setting of 150° F (the line heaters are proportional relative to the temperature of
the outside wall of the fuel lines; the inside wall never reaches this tempera-
ture). Observe for signs of vapor lock.



5. When or if vapor lock does occur, switch to the other tank; trigger the
event marker and note the temperature in the fuel lines, the sediment bowl, and the
carburetor bowl. As conditions stabilize, turn the line heaters off and return to
the original tank in use.

6. Change the manifold pressure and engine speed to increase the fuel flow in
increments of 2.5 gallons per hour (gph) until maximum power (usually 13.5 gph).
Allow conditions to stabilize; observe for signs of vapor lock and repeat steps &
and 5 as necessary.

7. Once again set the fuel flow to 2.5 gph. Repeat steps 3 through 5. Make
note of any significant changes that occurred between the initial data point and
this final data point. -

8. Reduce the power and allow the engine to cool. Perform a magneto check
then shut the engine down by setting the mixture control to full lean.

9. Draw a sample of gasoline from the tank in use and measure the RVP and the
distillation curve if a drop of more than 3 psi is measured between the initial
RVP and the posttest RVP.

10. Prepare a time history plot of the various fuel system temperatures and
look for the point where the individual temperature begins to rise abruptly. This
coincides with the onset of vapor lock. Compare this temperature with the onset of
vapor lock for fuels with different Reid Vapor Pressures and initial tank tempera-
tures.

DETONATION SURVEYS: The onset of detonation was measured as follows:

i. TFuel the tank with the test fuel. Draw a sample and measure the RVP, the

distillation curve, and, as appropriate, the octane rating using the research and
motor methods.

ii. Start the engine and allow the oil to reach normal operating temperature.
Perform a magneto check and set the cowling air temperature and pressure to obtain
cylinder head temperatures at or above the maximum limit (525° F).

iii. Set the mixture to full rich if necessary; increase the engine speed to
2300 RPM and set the manifold pressure to 20 inHg. Allow conditions to stabilize.
Observe for signs of detonation.

NOTE: Whenever detonation occurs, trigger the event marker and make a note of the
number of flashes per minute detected on the Lycoming detonation analyzer. DO NOT
OPERATE AT SETTINGS WHICH RESULT IN DETONATION FOR EXTENDED PERIODS OF TIME.

iv. If no detonation occurs, reduce the fuel fuel flow in steps of 5 percent;

allowing conditions to stabilize between reductions in fuel flow. Repeat until
detonation or lean misfire occurs.

v. Reset the mixture to full rich and increase manifold pressure in incre-

ments of 2 inHg until full throttle. Repeat steps iii and iv for each setting
selected.



6. Increase the engine speed in steps of 100 RPM up to 2700 RPM. Repeat
steps 111, iv and v for each setting selected.

7. Reduce the power setting and allow the engine to cool. Perform a magneto
check and shut the engine down using the mixture control.

HORSEPOWER CORRECTION COMPUTATIONS: The horsepower measured will vary from day to
day depending on the atmospheric pressure and the temperature of the air reaching
the carburetor inlet. To make valid comparisons, the horsepower is corrected to
what would be expected at standard atmospheric temperature and pressure. The
computations were performed using equations found in the July 1979 edition of the
Pratt and Whitney Aeronautical Vest Pocket Handbook.

The calculated horsepower is determined from the torque and engine speed using the
following relationship:
RPM x Torque

hp = 5352

where the torque is in ft-1bs.

The expected horsepower for standard sea level conditions is approximated by the
following relationship:

hp x 0.9

hp . _ _P* -7
sl = R =001

where the air density ratio (ADR) is determined from the ambient atmospheric

conditions using:

ADR = 17.336 P 0p/Tamb

where P, is in inHg absolute and Ty, is in degrees Rankine.

SUMMARY OF RESULTS

BASELINE TESTS - AVGAS.

A series of tests were conducted to establish operating proficiency and familiarity
with the engine's behavior. These tests were conducted with 100LL avgas, which had
a Reid vapor pressure (RVP) of 5.3 psi and an initial boiling point (IBP) of 42° C.

The first test determined which cylinders had the leanest fuel-to-air ratio. This
information is useful in predicting which cylinder would detonate first and it
provided a feel for the fuel consumption at a given power setting. Since the
individual exhaust gas temperature (EGT) probes had a different response in the
same exhaust stack, 1.e., for the same power setting one probe would consistently
yield higher EGT readings, the leanest cylinder was determined by looking at EGT
crossover instead of peak EGT. As the mixture is leaned, the EGT will rise until
the cylinder is operating with a stoichiometric fuel-to-air ratio. As the mixture
is leaned further, the EGT drops until lean misfire occurs.



Figure 3A shows the individual EGT traces as the mixture was leaned from full rich
to six gph. The power setting was 25 inHg manifold pressure at 2,500 RPM for this
part of the test. The fuel flow is shown in figure 3B. Figure 3C shows the calcu-
lated horsepower that was developed during this sequence. As can be seen, both the
number one and number two cylinders experienced lean crossover as the flow was
reduced to 8 gph and the number two cylinder suffered from lean misfire when an
attempt was made to reduce the fuel flow from 7 to 6 gph. This sequence was
repeated for several different combinations of engine speed and manifold pressure
and the number two cylinder consistently behaved as though it had the leanest
mixture with the number one cylinder having the second leanest fuel-to-air ratio.

An attempt was made to induce vapor lock with the same sample of avgas as was used
above. The fuel in the tank was heated to 43° C (110° F) and the engine was
allowed to stabilize in this configuration. The line heaters were then turned on
and the system temperatures were monitored. This sequence of events was terminated
when the sediment bowl temperature reached 75° C (167° F), not because the engine
vapor locked. See figure 4 for a time history of the fuel system temperatures, the
fuel pressure, and the fuel flow readings.

During this sequence, the fuel flow became erratic as the sediment bowl temperature
exceeded the initial boiling point of the fuel and it remained erratic as the run
continued. This is significant since the sediment bowl is just upstream of the
fuel flow transducer and the temperature of the fuel in the sediment bowl is the
same as the temperature of the fuel in the transducer. At the conclusion of this
test, cool fuel was introduced by switching the tank in use and the fuel flow
returned to normal. The vapor that was formed not only disturbed the fuel flow
transducer but it started a percolation sequence which raised the temperature in
the tank an additional 5° C. The percolation in the fuel lines dramatically
affected the fuel pressure with readings anywhere from zero to 35 inHy0 observed.
The normal reading was about 24 inHyO. This implies that either technique would
provide an indication of the onset of vapor formation long before vapor lock
occurred.

An attempt was made to induce detonation while using the same batch of 100LL avgas
as was used in the two tasks above. It was unsuccessful even though the cylinder
head temperatures (CHT's) and the o0il temperature were at the limits for this
engine, the carburetor inlet air temperature was above 100° F and the power and
mixture controls were adjusted to obtain the most severe condition possible. This
was expected since the engine was designed to operate on 91/96 octane avgas.

Two runs were conducted in order to establish a performance table and to see if
there were any differences in the power output as the fuel supply variables were
altered. These tests were run using a fresh batch of Gulf 100LL avgas purchased
from the fixed base operator at Atlantic City International Airport. During this
sequence, the power settings were varied from normal cruise to takeoff power.

Figure 5 shows the data from the first of these runs. In figure 5A, the engine
speed and manifold pressure are shown and figure 5B shows the calculated and
corrected horsepower. The ambient pressure was 30.47 inHg and the ambient tempera-
ture varied from 15° to 18° C (59° to 65° F). The cylinder head temperatures were
maintained at 177° C (350° F); the oil temperature was maintained at 82° C (180° F)
and the temperature of the carburetor inlet air was used to calculate the corrected
horsepower. No significant differences in the horsepower developed were measured
as a consequence of running on either hot or cool avgas. In addition, there were

10.
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no significant variations in fuel pressure or fuel flow as a consequence of
operating the engine on either fuel tank.

Figure 6 shows the horsepower as a function of both manifold pressure and engine
speed for this engine and figure 7 shows the corresponding fuel flow with the
mixture in the full rich position. The brake specific fuel consumption was calcu-
lated for these settings (see table 3) and the values are in the normal range for
this engine. The full throttle curve in figure 6 collapses onto the 28 inHg curve.
This is a consequence of the ducting losses which occur in this installation. The

discontinuity in figure 7 for the full throttle curve is due to the power enrich-
ment valve becoming operational.

TABLE 3. BRAKE SPECIFIC FUEL CONSUMPTION FOR VARIOUS
MANIFOLD PRESSURES AND ENGINE SPEEDS

(Mixture at full rich; the brake specific fuel consumption is in 1bm/hp-hr)

Manifold
Pressure Engine Speed - RPM
inHg 2000 2100 2200 2300 2400 2500 2600 2700
20 0.57 0.59 0.56 0.56 0.58 0.56 0.55 0.57
22 0.53 0.52 0.53 0.55 0.55 0.54 0.54 0.54
24 0.51 0.51 0.53 0.52 0.53 0.53 0.54 0.54
26 0.51 0.51 0.53 0.53 0.53 0.53 0.54 0.54
28 0.52  0.53 0.52 0.52 0.58 -= -- -=
FT* 0.54 0.53 0.53 0.52 0.58 0.57 0.54 0.55

*FT is the full throttle condition.

Figure 8 shows the torque as a function of engine speed and manifold pressure. As
can be seen, the torque is higher at lower engine speeds for the same manifold
pressure. This means the brake mean effective pressure (BMEP) is higher at lower
engine speeds. Since detonation is more probable, the higher the BMEP (all else
considered), it is important that an aircraft engine with a variable pitch propel-

ler not be operated at full throttle with the propeller set at coarse pitch (lower
engine speeds).

An abbreviated version of the above run was conducted later that day. The results

of this test (see figure 9) show that the system is stable and repeatable results
can be obtained, given the same operating conditionms.
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VAPOR LOCK TESTS - AUTOGAS.

Seven fuels were tested for vapor lock. Six of these fuels were gasolines pur-
chased from retailers in the vicinity of the FAA Technical Center and the seventh
was a special blend of leaded automobile gasoline. Three of the commercial
gasolines were unleaded regular gasolines and the remaining three were were
unleaded premium gasolines. Four of the six commercial gasolines were volatility
class E fuels (winter blends) and two were volatility class D fuels (one a regular
unleaded and one a premium unleaded). The six commercial fuels were sent to Sun
Refining and Marketing Company in Marcus Hook, Pennsylvaina, to be tested for the
Research and the Motor Octane Numbers and the RVP. The RON and MON values were
used in conjunction with the detonation studies conducted along with the vapor lock
studies and the RVP's were used as a cross check for the values obtained at the
Technical Center. The results of these tests are listed in table 4. It is

interesting to note that there was not a significant difference in the RVP between
the two classes of fuel.

TABLE 4. PROPERTIES OF THE AUTOMOBILE GASOLINES TESTED
BY SUN REFINING AND MARKETING COMPANY

Tech Center Sun Refining and Marketing Data

Fuel Volatility IBP RVP RVP RVP RON MON R+M/2
1D Class (degC)  (psi) (psi)  (psi)

HPU E 25 12.2 12.7 12.8 97.9 87.0 92.5
HRU E 25 12.4 13.3 13.3 91.6 83.5 87.5
CPU E 25 13.3 13.6 N/A 96.4 87.5 92.2
CRU E 26 11.8 13.1 N/A 91.4 83.2 87.3
EPU D 26 12.7 12.5 12.6 98.0 86.9 92.5
ERU D 25 14.1 14.0 14.0 94.0 82.5 88.3
SBL - 30 13.6 - - - - -

A special blend of leaded gasoline was prepared for the Technical Center approxi-
mately two years prior to being tested (sample SBL in table 4). This fuel origi-
nally had a RVP of 15 psi and it was stored in a sealed drum. When the fuel was
first used, the RVP had decayed to 13.6 psi and the RVP continued to decay for the
subsequent runs. Originally this fuel was used to develop expertise when conducting

the tests, but since the data is consistent with the following runs, it is included
in this report.

The RVP and the distillation was measured prior to each test and a sample was
tested after the test to measure any changes in the RVP and distillation. For the
most part, the changes were insignificant and they were masked by the normal
variation in the respective tests. The only exception was the special blend of
leaded gasoline and because of the age of the fuel, the data from these tests were
inconclusive. However, they do imply that once the RVP begins to decay, the decay
is rapid. An attempt was made to correlate either the initial boiling point of the
fuel or temperature at which a certain percent of the fuel was distilled with the
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fuel temperature at which vapor locked occurred. These results were also inconclu-
sive. The pre- and post-test RVP's can be found in appendix D as can the initial
boiling points of the fuel.

For each test, the fuel was placed in the C-172 fuel tanks and heated to the
desired temperature. For this program the range of temperatures was from 21° C
(70° F) to 49° C (120° F). The range of initial tank temperatures can be found in
appendix D. Typically, a fuel would be tested with a 21, 32, and 43° c (70, 90,
and 110° F) initial tank temperature and if sufficient sample remained, it would be
tested with either an 27, 38, or 49° C (80, 100, or 120° F) initial tank tempera-
ture. Two fuels were tested with the tank temperature set at their initial boiling
point.

For each tank temperature a fuel was tested at a number of fuel flows. A typical
series would include 2.5, 5.0, 7.5, 10.0, 12.5, 13.5 (full throttle) gph. At the
end of the sequence, one of the above points would be repeated to see if changes
were apparent in either the temperature at which vapor lock occurred or the period
of time it took to reach vapor lock.

With the exception of the 2.5 and 5.0 gph settings, there were no significant
differences between the initial data point and the repeated data point: the tempera-
tures were typically within a couple of degrees of each other; there was no trend
toward higher temperatures at the end of the run and vapor lock occurred within the
same time frame for both the initial data point and the repeated data point. For
the 2.5 and 5.0 gph settings, fuel would percolate in the fuel system and this
percolation was of a random nature. As best as can be determined, fuel would boil
in the system, the vapor would return to the tank via the forward fuel line and
cooler fuel would flow down the fuel line which runs from the rear of the tank.
Under these conditions, vapor lock could occur at a relatively low temperature and
at other times it would not occur at all.

For this fuel system, the occurrence of vapor lock depends on two variables. The
primary variable is the initial fuel temperature in the tank and the secondary
variable is the fuel flow rate. As the initial tank temperature increases, the
temperature at which vapor lock occurs increases. On the surface this would imply
that increasing the tank temperature decreases the probability of vapor lock, but
the opposite is true. Since the fuel is closer to the temperature at which vapor
lock occurs less heat must be added to the fuel system to induce vapor lock. As
the fuel flow rate is increased two phenomena occur which combine to create a more
severe environment for vapor lock. Viscous losses in the fuel system decrease the
pressure at the lowest point of the system, in this case the sediment bowl, and
more heat 1is generated causing an increase in the operating temperatures. The
combination of hot fuel and high fuel flows makes the takeoff fuel flow with fuel
at an elevated temperature a severe condition indeed.

There 1is a limit to how hot the fuel can be made before the loss of the volatile
components begins to lessen the severity of vapor lock. When the fuel is below
it's initial boiling point it is difficult, at best, to add sufficient heat to
cause vapor lock. As the fuel in the tank is heated to the initial boiling point,
it becomes progressively easier to induce vapor lock, but this is by no means the
worse case. As the fuel is heated still further, vapor lock begins to occur at the
higher fuel flows without the addition of supplemental heat to the fuel system
(i.e., without turning the electric line heaters on). Typically a tank temperature
of 38 to 43° C (100 to 110° F) was the most severe for this fuel system and the
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fuels tested. When the fuel in the tank is heated to 49° C (120° F, vapor lock is
not as severe as with 32° C (90° F) fuel. This is probably a consequence of the
loss of the more volatile components in the fuel.

It is significant that there is not a large drop in the RVP when a post-test sample
is drawn following a test at 49° C. This phenomena appears to be tied to the
results from a study conducted at the National Institute of Petroleum and Energy
Resources (NIPER). In this study, reference 1, a number of samples were heated in
a sealed tank and allowed to vent for a limited period of time. The RVP was
tracked for these fuels and the results indicated that there would be no signifi-
cant change for the duration studied (up to 24 hours) with the exception of fuels
which had a high RVP and were kept at elevated temperatures. This may also tie in
with the unusually large changes in RVP associated with the 2-year-old special
blend. It is possible that a percentage of the volatile components can be lost,
yet enough remain to affect the total vapor pressure of the fuel. As the fuel
continues to age, more of the volatile components are lost until there is an
insufficient amount remaining to affect the vapor pressure and the vapor pressure
begins to fall rapidly. If this is true, then it should be possible to have a fuel
with the same vapor pressure exhibit an entirely different vapor lock behavior.

Two tests were conducted with fuel which had been allowed to age and repeat
tests were conducted with fuel fresh from a sealed container. One of these
tests used the special blend of leaded autogas (SBL in appendix D) and the other
was conducted using a regular unleaded gasoline (HRU in appendix D). The tests
using the SBL sample were conducted at 43° C and the tests with the HRU sample were
conducted at 49° C. In both cases, the sample which was allowed to age overnight
exhibited a less severe vapor lock behavior than the samples which were heated then
tested immediately. The SBL sample which had already been aged showed a small but
significant drop in RVP but the HRU sample did not. In light of these results, it
1s imperative that the fuel used for vapor lock studies be as fresh as possible.

The RVP for the two class D fuels (ERU and EPU in appendix D) were of the same
magnitude as the class E fuels. For both of these fuels, the Technical Center was
unable to induce vapor lock at the 2.5 gph setting. 1In addition, these fuels would
exhibit all of the symptoms of vapor lock (such as reduced fuel pressure, zero fuel
flows, rising EGT's and rough running) and then recover only to repeat the sequence
until supplemental heat was added. This behavior was in sharp contrast to the
class E fuels which would quit once the fuel pressure fell to 5 inHy0 or lower.
Despite these differences, an initial tank temperature of 38° to 43° C was still
the worse case as far as vapor lock was concerned.

It was observed that when the engine began to run rough during the above tests,
advancing the throttle or increasing the engine speed would invariably result in an
engine stoppage. Likewise, setting the mixture to full rich would not improve
engine performance since the fuel flow was being restricted by vapor formation and
not by the mixture adjustment. Reducing the throttle to improve the smoothness of
engine operation would not necessarily result in more power being developed but it
typically did not reduce the power being developed. There is a chance that periods
of extended rough running would not occur in an aircraft since turbulence and

aircraft vibration would probably aggravate vapor formation and result in an engine
stoppage.
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For all of the above runs, the engine cooling air temperature was kept at 38° ¢
+2° C. To see if the cooling air temperature would have an effect several points
were conducted with the cooling air temperature at 29° C (85° F). These tests were
not exhaustive but they demonstrated that vapor lock would occur without supplemen-
tal heat being added whenever the fuel in the tank was at 38° to 43° C and the fuel
flows were above 10 gph. Since the engine would run just long enough to exhaust
the supply of fuel in the carburetor bowl at these settings, this result is not
surprising. An attempt was made to see if there was any difference at other fuel
flow rates and the results were inconclusive.

As the fuel-to-air ratio leans during vapor lock, lean misfire can occur. This 1is
typically accompanied by 1oud Popping noises as the unburned fuel is ignited in the
exhaust system. Some observers thought the engine was detonating when this phenom—
ena was first observed. The Technical Center's experience during these runs was
that detonation is not normally observed as the engine leans during vapor lock
unless the fuel would have detonated with the mixture at full rich. Indeed, there
were points where detonation was expected but the fuel-to-air ratio leaned so
rapidly no detonation was observed.

As vapor lock occurs, the EGT rises and this can be a useful indicator of vapor
lock as long as the limitations of the particular installation are understood. The
EGT system in the Technical Center's installation had too slow a response time to
provide any warning when vapor lock occurred at the higher fuel flow rates. (Note
the general trend for shorter run times as the fuel flow rate increases in figure
10.) Also, there is a chance that the changes observed would be masked by the
scaling of the instrumentation in the aircraft. The display used in these tests
had a digital readout and even small changes were evident. When vapor lock
occurred at the 2.5 gph setting, the engine would continue to run for well over a
minute (see the 2.5 gph curve in figure 10) and for this condition the EGT provided
a good indication that vapor lock had occurred.

Very small differences in EGT were noticed when switching between avgas and autogas
and a drop of about 5 percent in fuel flow was noted when switching from avgas to
autogas. The EGT changes may be caused by a number of factors such as a change in
the distribution due to volatility changes or changes in the combustion process.
The latter 1is probably an instrumentation error caused by the difference in the
density between the avgas and the autogas.

As with avgas, large instrumentation errors are evident whenever the fuel in the
system is above it's initial boiling point. This phenomena is aggravated by the
lower IBP and higher RVP typically found in autogas. Figure 11 clearly shows this
effect. (The abrupt rise in the line temperature at 9 minutes is caused by switch-
ing on the supplemental heaters.) The IBP for this fuel is 26° C (79° F) and as
the temperature of the sediment bowl, which is directly upstream of the fuel flow
meter, climbs above 26° C, the . fuel flow becomes unreliable due to vapor formation.
Tne fuel pressure also becomes unreliable as vapor displaces the fuel in the
system. In this particular case, the periodic percolation that was mentioned
earlier is shown by the cyclic rise and fall of the line temperature and the pres-
sure variations. This means the fuel flow indicators currently found in general
aviation aircraft can be used as an early warning device for the onset of vapor
lock. 1Indeed some of the service difficulty reports on these systems, where they

are unreliable in flight yet bench check OK, are probably a result of vapor forma-
tion in that particular installation.
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At this point, one should keep in mind that heating the lines, as was done during
this sequence of tests, would not occur in an aircraft. This was done to insure
the fuel system would vapor lock and give us a point for comparison. Likewise, a
C-172 fuel system would not normally be operated at takeoff on one tank, but this
procedure enabled the Technical Center to recover from vapor lock without restart-
ing the engine.

There is some evidence that for this particular fuel system, the sediment bowl is
where vapor lock actually occurs. In general, the temperatures at vapor lock are
more consistent for the sediment bowl than for either the carburetor bowl or the
line temperature; the fuel pressure and fuel flow indications become erratic when

the temperature of the sediment bowl exceeds the IBP and the sediment bowl is the
lowest point in the system.

There is strong evidence that foaming occurs in the carburetor bowl prior to the
onset of vapor lock. This was particularly evident when testing fuels with cool
(27° C or cooler) tank temperatures and at low fuel flow rates. As the temperature
in the carburetor bowl increased the fuel would begin to boil and the EGT would
begin to drop. Eventually, the power developed would begin to fall but conditions
would not decay to the point of the engine running roughly. The existence of
foaming also supports the notion that vapor lock occurs in the sediment bowl since
the excess vapor in the carburetor bowl is apparently ingested into the engine.

DETONATION SURVEYS - AUTOGAS.

All six commercially available fuels were tested for detonation. Samples of these
fuels were then taken and placed in wing tanks set up at the Technical Center.
After the fuel ages, these fuels will be tested at the same points to determine if
there 1s a significant shift in the octane rating as a consequence of aging.

During these tests, the engine was set at a specific power setting using avgas
before switching to the autogas being tested. The horsepower developed on either
fuel was compared and, unless there was detonation, there was no significant
difference. Light detonation (5 flashes per minute or less) could occur with-
out noticeably affecting either the horsepower, the EGT or the CHT which was
unexpected. Unless the detonation was severe, the EGT, and CHT would show only
slight changes which could go unnoticed if the operator did not expect detonation
was occurring. Not only was light to moderate detonation difficult to detect using
the instrumentation available to most pilots but, even in the test cell environ-
ment, detonation was inaudible unless it was severe, In the nosier aircraft
environment, one could not be expected to detect detonation. As with the onset of

vapor lock, the EGT probes in this installation were slow to respond to onset of
severe detonation.

All six commercially available fuels detonated at one or more power settings,
whereas, the 100LL avgas used to set the data points did not exhibit a tendency to
detonate. There was one exception, and that particular sample was 2-year-old avgas
that was being used during some maintenance runs early in the program. The Tech-
nical Center was unable to repeat this point and it is inconclusive as to whether
the age of the fuel was the cause of the detonation.

Occasionally during switchover from avgas to autogas, a brief period of detonation
was detected. It appeared to be associated with the mixing of the two fuels. A
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number of samples were prepared where different percentages of avgas were mixed
with a regular unleaded autogas. These samples were tested to determine the octane
rating of the blend and the results are listed in table 5. As can be seen, mixing
avgas and autogas results in a higher octane number than the autogas alone so a
reduction in either octane number is not the cause of detonation. One possible
explanation for this phenomena is maldistribution during the switchover from avgas
to autogas. '

TABLE 5. PROPERTIES OF SEVERAL MIXTURES OF AVGAS
IN REGULAR UNLEADED AUTOGAS

Sample Percent RVP RVP

1D Avgas (psi) (psi) RON MON R+M/2
ERU 0 14.0 14.0 94.0 82.5 88.3
SMl 10 9.0 9.1 96.0 84.3 90.2
SM2 20 8.8 8.8 97.8 87.0 92.4
SM3 33 8.6 8.6 98.0 87.1 92.6
SM5 50 7.9 7.8 100.1 91.1 95.6

The design of the detonation experiments called for the engine cooling air tempera-—
ture to be at 38° C. While testing sample EPU (see figure 12) the boiler in the
cooling air blower failed. A repeat of several of the data points where detonation
had occurred resulted in only incipient detonation. This demonstrated that the
engine cooling air temperature has a significant effect on detonation. It was also
observed that the humidity of the carburetor inlet air has an effect on the occur—
rence of detonation.

Figure 12 shows the results of the detonation series as a function of engine speed
and manifold pressure. These figures are arranged in the order of descending MON.
As can be seen there is a strong relationship between the MON and the occurrence of
detonation. The RON is also listed to show that while there is a general trend it
is not as definite as the relationship with the MON. This shows that the design of
the different octane tests is applicable to the type of application in which the
fuel will be used. The Aviation Supercharge Octane Number was not determined for
these fuels since it would not normally be available to an individual purchasing
autogas for use in a general aviation aircraft.

There appeared to be a hysteresis effect when doing the detonation series of tests.
Detonation was more likely to occur at a given power setting if it followed a
higher power setting as opposed to a lower power setting. This is probably due to
elevated internal temperatures which are not reflected in either the CHT or oil
temperature, which were monitored to determine if the engine had stabilized at a
given data point prior to switching to autogas. This could explain why, on occa-
sion, the 2400 RPM data points were more severe than for both the 2300 and 2500 RPM

points since the 2400 RPM points were typically the last points conducted during a
run.
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FIGURE 12. RESULTS FROM THE DETONATION SURVEYS SHOWING THE
THE EFFECT OF THE MON AND RON RATINGS (1 of 3 Sheets)
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MANIFOLD PRESSURE - inHg

SAMPLE EPU, MON=86.9 RON=98.0
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FIGURE 12. RESULTS FROM THE DETONATION SURVEYS SHOWING THE
THE EFFECT OF THE MON AND RON RATINGS (2 of 3 Sheets)
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FIGURE 12. RESULTS FROM THE DETONATION SURVEYS SHOWING THE

THE EFFECT OF THE MON AND RON RATINGS (3 of 3 Sheets)
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MISCELLANEOUS - AUTOGAS.

There was a compatibility problem with autogas in the fuel system used for these
tests. The tank selector used is the same as the selector found in the C-172 but
it is operated remotely with a pneumatic actuator. When a test was terminated on
autogas the seals in the selector valve would swell and the pneumatic operator was
not strong enough to overcome the additional resistance. If the engine was shut
down on avgas following a shutdown on autogas the problem would not occur. There
did not seem to be a correlation with the sample of autogas used and it may not be
a problem for systems which are manually operated.

During the vapor lock tests, a large amount of vapor and fuel would be vented.
This occurred even though the tanks were usually less than half full during the
vapor lock tests. Up to 7 percent of the initial volume of fuel was collected
during a typical run. An individual using autogas should be aware of this and
allow for extra reserve when planning an extended flight.

CONCLUSIONS

For Autogas, the fuel temperature at which vapor lock testing is conducted is
critical. The most severe case occurs when the temperature of the fuel in the tank
is between 100 and 110° F. Heating the fuel to 120° F greatly reduces the poten-
tial for vapor lock occurring. In addition, leaving the fuel in a vented container
overnight greatly reduces the tendency to vapor lock even though the RVP does not
change dramatically.

For the C-172 fuel system, the onset of vapor lock depended on the fuel flow rate.
The existence of percolation in the system implies that the fuel system design can
have a dramatic effect. This needs to be investigated further.

The engine cooling air temperature did not have a significant effect on the
tendency to vapor lock but flight tests should be conducted on as hot a day as
possible to avoid cooling the fuel in the tanks.

Reducing the throttle may result in smoother operation at the onset of vapor lock
but does not necessarily increase the power developed. Any abrupt throttle move-
ments can result in the engine quitting.

Whenever the fuel temperature in the system exceeds the initial boiling point of
the fuel, there is vapor in the system. This vapor affects both the fuel flow
meter and the fuel pressure. For a gravity feed fuel system such as is found on
the C-172, either fuel flow or fuel pressure is a useful indicator of the onset of
vapor lock. The fuel pressure may be more difficult to interpret since it is
affected by fuel flow and atmospheric turbulence.

All the autogas samples detonated to some extent. The Motor Octane Number (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>